Industrial low-density polyethylene (LDPE) was aged in stagnant distilled water during one year. Two types of this material were studied. The first one was without additives and the second type was doped with 4% of hindered-amine light stabilizers (HALS). Using X-ray photoelectron spectroscopy (XPS), the evidence that an oxidation occurs was demonstrated for the two types of LDPE (with and without HALS). One objective was to observe the chemical groups resulting of the ageing and to propose a mechanism of hydrolytic degradation for LDPE. The analysis of C1s spectra shows that the main oxidation products are C-O and C=O groups. Unlike the hydrolytic degradation of polypropylene, there is no presence of O=C-O groups, which suggests that there is no oxidative chain scission during hydrolytic ageing of the LDPE. The other objective of the study was to observe if the HALS can have an influence in the hydrolytic ageing of the LDPE. The values of the atomic concentration of the oxygen for the two types of samples show that the HALS could slightly slow down the oxidation of the LDPE.
Introduction
Polyethylene is one of the most used polymers in modern society. Unfortunately, the polymers, like polyethylene, undergo ageing and this phenomenon can induce non reversible chemical transformations in the structure of the macromolecules that can modify the recycling capability of some thermoplastics. Many agents can start the chemical degradation and an oxidation can occur in the polymer if the material is in contact with oxygen. Many studies proposed different chemical mechanisms to explain the processes of degradation of polyethylene, like degradation by light [1, 2] , heat [1, 3] or weathering conditions [4, 5] .
The action of water on polymers is another source of degradation of polymers. Many studies were done on the subject, but only concentrations of oxidation or macroscopic characteristics were measured, like lifetime for mechanical failure [6] , tensile strain [7] or crystallinity percentage [8] . These experiments were mainly done at high temperatures [6] [7] [8] . In the authors' knowledge, the influence of water during ageing from a chemical point of view is not reported at room temperature. The aim of this work is then to determine if water is an important factor in the ageing of additive-free low-density polyethylene (LDPE) and HALS-stabilized LDPE at the chemical level by studying the chemical bonds after ageing in distilled water during one year, and to propose a mechanism of degradation of the polymer.
Experimental section
The industrial LDPE samples were made by ENIP (Entreprise Nationale des Industries Pétrochimiques), Algeria (trademark: PEBD B21 ENIP, Skikda). The samples were received in the form of film made by extrusion blow moulding. The density and the melt flow index of the received material are 0.923 g/cm 3 and 0.019 g/min, respectively. Four samples, of about 2 cm by 2 cm, were used; two of them are unstabilized LDPE and the two others are LDPE stabilized with 4% of HALS from Ampacet™. All the samples were immersed in distilled water during one year at room temperature. Also, two unaged samples (one unstabilized and one 4% HALS stabilized) were analyzed by XPS as reference. The two kinds of LDPE samples used in this experiment came from the same source to make sure that the properties of the polymer were similar; the use of two identical samples is to ensure the validity of the results. After the ageing period, the samples were dried with compressed air. XPS measurements were carried in a Kratos Axis-Ultra system in a UHV chamber with an electrostatic-magnetic hybrid lens and a 300 W monochromatic AlKα X-ray source (20 mA, 15 kV). The analysed surface was approximately 400 μm by 800 μm. The angle of the X-ray beam is 60° with respect to the sample normal (60°/n) and the takeoff angle was 0°/n for all the measurements. The data analysis was done with the software CasaXPS provided with the XPS setup. XPS surveys and C1s spectra were analyzed in this work. Because of the surface charging of non-conducting samples [9, 10] , the peaks appeared shifted on the energy scale; the energy calibration was done by setting the Cls peak at 285.2 eV for the Csp3 peak. During the peak synthesis, a Shirley background subtraction [11] was used and the Gaussian/Lorentzian shape ratio was 40 for all the spectra.
Results and discussion
The XPS surveys of all the unstabilized LDPE samples and of all the 4% HALS stabilized LDPE samples studied are presented in Figures 1 and 2 , respectively. The zeros of the higher spectra were Three major peaks are observed on the survey spectra. These peaks are C1s at 285 eV, which is associated to the polymer, O1s at 532 eV which seems to indicate an oxidation of the polymer, and N1s at 400 eV, which is attributed to HALS that contain amines. The hypotheses for the origin of the presence of the two last peaks are that oxygen is mainly observed in degraded samples and that nitrogen is observed mainly in 4% HALS stabilized samples. An interesting fact for nitrogen is a decrease of N1s for the 4% HALS stabilized aged samples that is probably due to the loss of the additive with the time [8, 12, 13] , as shown in Table 1 . An increase of N1s is observed for the aged unstabilized LDPE samples comparing to the unaged sample. This phenomenon was also observed in the study of hydrolytic degradation of polypropylene [14] . An assumption of this increase is the presence of gaseous nitrogen coming from dissolved air in water. As time goes by, nitrogen could contaminate the surface of the samples. Other minor peaks are also present and their relative atomic concentrations are given in Table 1 . The various origins of these impurities are more difficult to determine because their sources can be multiple; the samples come from industry and their history is unknown.
The atomic concentrations are based on the surface of the peaks in the XPS surveys.
To be sure that the presence of oxygen in the survey spectra is due to oxidation of the polymer samples and not simply the insertion of water molecules in the polymer matrix, C1s spectra were analysed by peak synthesis. Results of the analysis of the unstabilized and 4% HALS stabilized samples are shown in Figures 3 and 4 , respectively. All the peak syn- thesises were done with a maximal residual standard deviation of 1.38157 or less (data given by the software CasaXPS), and all the spectra were shifted to higher energies to consider the inhomogeneous charge effect in non-conducting insulators [9, 10] by setting the Csp3 peak at 285.2 eV. The peak synthesis of the C1s spectrum of the unstabilized unaged sample gives two resulting peaks that are associated to Csp3 (285.2 eV) and Csp2 (284.9 eV) hybridizations [15, 16] . The origin of the two peaks is probably due to the industrial processes of polymerization that can induce some imperfections in the structure of the material. For the case of the 4% HALS stabilized unaged sample, the C1s peak is clearly asymmetric, as seen in Figure 4 . The atomic concentrations shown in Table 1 suggest that nitrogen is the only element present that can be bonded with carbon to a significant degree to cause this shape of the C1s peak. The peak synthesis of the spectrum gives four peaks at 284.9 eV (Csp2), 285.2 eV (Csp3), 286.1 eV (C-N) and 287.5 eV (C=N) [15] [16] [17] . The last two peaks are probably associated with the HALS incorporated in the polymer matrix. The asymmetric shape of the C1s peaks of the degraded samples reveals the existence of bonds other than those of pure not modified LDPE. As shown in Table 1 , oxygen is the main element present to a significant degree that can cause asymmetry of the C1s peak for the aged unstabilized samples by binding with carbon atoms. Considering that contaminants listed in Table 1 cannot make bonds observable by XPS with carbon due to their low atomic concentration, the atomic functions found by decomposition of C1s spectra of unstabilized LDPE samples ( Figure 3 ) are Csp2 (~284.9 eV), Csp3 (285.2 eV), C-O (~286.5 eV) and C=O (~288.4 eV) [14-16, 18, 19] . Under the same assumptions and considering that bonds between nitrogen and carbon can be detected by XPS due to the significant intensity of the N1s peak ( Figure 2 and Table 1 ), the results of the decomposition of the C1s spectra of the 4% HALS stabilized LDPE samples are Csp2 (~284.9 eV), Csp3 (285.2 eV), C-O/C-N (~286.5 eV) and C=N (~287.7 eV) and C=O (~288.3 eV) [14] [15] [16] [17] [18] [19] . Due to the proximity of the C-O and C-N peaks, there is no possibility to separate these two peaks. The approximated values listed above are an average of the results of the C1s spectra decomposition.
An assumption of the mechanisms of the degradation of LDPE by water is presented in Figure 5 . The first step of the degradation, based on the literature [1, 3] , is a loss of a proton (H + ) due to the polarity of the water molecules or the ionic potential of the negative ions present in the water (e.g. OH -) by charge transfer complexes (CTCs) [20] . The rupture of the C-H bond occurs by electrostatic attraction of the proton [14, 21] . An oxidation of the polymer can follow the loss of a proton as showed in Figure 5 , resulting in the formation of alcohol (C-OH) groups by association of the macroradical and an OHgroup produced in water, or the oxidation of the macroradical by O 2originated in water. The last case is not stable in time and can stabilize by two ways. The first way is the formation of an alcohol group by the association with a proton. The second one is the formation of ketone (C=O) by the loss of the second proton bonded to the carbon atom that is bonded to oxygen ( Figure 5 ). One should note that C-O groups in Figures 3 and 4 could not be associated to hydroperoxides (C-OOH) because of the weak enthalpy of dissociation of the O-O bond (35-40 kcal/mol) [22] [23] [24] . The hydroperoxide groups are often cited in the LDPE oxidation [1, 3] . Chemical conversions can occur between the various chemical groups because the stability of the chemical species is inversely proportional to their enthalpy of dissociation (potential energy of disso- Figure 5 . Proposed mechanisms for the hydrolytic degradation of the LDPE ciation) [25] . By comparing the enthalpy of dissociation of chemical groups C-OH (383 kJ/mol) and C=O (178 kJ/mol) at a temperature of 25°C, a tendency of stabilization toward alcohols is present augmenting the probability of the presence of alcohols [14] . Another interesting point is the possibility that LDPE does not undergo chain scission during hydrolytic degradation. After the ageing time, the degraded samples do not show any cracking or loss of flexibility in comparison with unaged samples. This observation and also the absence of the O=C-O groups in Figures 3 and 4 , suggest that the hydrolytic degradation of LDPE does not break macromolecular chains, unlike the hydrolytic ageing of polypropylene [14] . As shown in Table 1 , the atomic concentration of oxygen is higher for the unstabilized LDPE degraded samples than for the 4% HALS stabilized LDPE samples. The presence of HALS can decrease the oxidation of LDPE by scavenging oxygen present at the surface of the polymer [26] . It is evident that HALS contribute to a certain degree to the retardation of oxidative degradation of LDPE in water, but the efficiency of the HALS for hydrolytic ageing is less than the ageing in air [6] .
Conclusions
Unstabilized and 4% HALS stabilized industrial LDPE samples were aged in stagnant distilled water during one year to observe how the degradation of the polymer occurs. Using XPS technique, the evidence that an oxidation occurs was demonstrated for all LDPE samples by formation of C-O and C=O groups. These groups were determined by analysis of the C1s spectra. It was then possible to propose mechanisms of degradation that suggest that there is no chain scission during hydrolytic degradation of the material. This assumption is based on the fact that there is no presence of O=C-O groups in the analysis of XPS measurements. The influence of HALS was also studied by comparing the oxygen atomic concentration of the samples. The lower values for the 4% HALS stabilized LDPE samples suggest that the HALS could slow the oxidation of the LDPE, but the difference of oxygen atomic concentrations between unstabilized and 4% HALS stabilized samples suggest that HALS are not the most efficient additives for slowing the hydrolytic degradation.
